Western Michigan University

ScholarWorks at WMU
Master's Theses

Graduate College

4-1998

SM-ND Systematics as Indicators of Displaced Plutons: A Test in
the Idaho Batholith-Boulder Batholith Region
Christine J. Brand

Follow this and additional works at: https://scholarworks.wmich.edu/masters_theses
Part of the Geology Commons

Recommended Citation
Brand, Christine J., "SM-ND Systematics as Indicators of Displaced Plutons: A Test in the Idaho BatholithBoulder Batholith Region" (1998). Master's Theses. 4427.
https://scholarworks.wmich.edu/masters_theses/4427

This Masters Thesis-Open Access is brought to you for
free and open access by the Graduate College at
ScholarWorks at WMU. It has been accepted for inclusion
in Master's Theses by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

SM-ND SYSTEMATICS AS INDICATORS OF DISPLACED PLUTONS: A TEST
IN THE IDAHO BATHOLITH-BOULDER BATHOLITH REGION

by
Christine J. Brand

A Thesis
Submitted to the
Faculty of The Graduate College
in partial fulfillment of the
requirements for the
Degree of Master of Science
Department of Geology

Western Michigan University
Kalamazoo, Michigan
April 1998

Copyright by
Christine J. Brand
1998

ACKNOWLEDGMENTS

This project was conducted under the supervision of Dr. Ronald B. Chase,
Western Michigan University, and Dr. M.E. Bickford, Syracuse University. This
study was partially funded through a grant from the Geological Society of America
and a graduate student research grant from Western Michigan University. The staff
and graduate students of the Isotope Geochemistry Laboratory at Syracuse University
provided proper use of the isotope laboratory and instruction on the theory of mass
spectrometry. I would also like to thank Bill Steinhart for his guidance and assistance
in completing the sample preparation at Syracuse University's Isotope Geochemistry
Laboratory, and to Mary Saville and Bob Havira for their assistance at Western
Michigan University. Special thanks go to my husband, Mark, for his patience, love,
and support.
Christine J. Brand

11

SM-ND SYSTEMATICS AS INDICATORS OF DISPLACED PLUTONS: A TEST
IN THE IDAHO BATHOLITH-BOULDER BATHOLITH REGION
Christine J. Brand, M.S.
Western Michigan University, 1998
In east-central Idaho and western Montana a 400km-long Cretaceous and
Tertiary magmatic corridor extends from the Wallowa-Seven Devils terrane to the
Helena Salient. Three basement provinces underlie this area: Archean basement to
the east, Permo-Triassic basement to the west, and Proterozoic basement in-between.
Ideally, if Cretaceous plutons were decapitated and translated eastward along thrusts
over a different basement province, then the Cretaceous pluton and the in-place
Tertiary pluton would show different isotopic signatures. Pluton samples from
locations evenly spaced throughout the magmatic corridor were analyzed for EoNd,
1

E Nct,

and

1 47

Sm/ 143 Nd model ages of potential magma source materials.

0

E Nd

and E1Nct

values range from -6 to -19, and model ages range from 1158 to 2043Ma. Either
source rocks are of varying ages, or there are variations in magmatic mixing between
mantle and crustal components, or both. Model ages for Cretaceous rocks suggest
more assimilation of crustal material than Tertiary rocks.

ENct values

in the western

sector of the Boulder batholith offer permissive evidence for possible pluton
displacement, but there is no definitive evidence to confirm pluton displacement at
other locations.
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INTRODUCTION
During the Precambrian, Archean basement, Proterozoic basement, and
Proterozoic Belt-Purcell sedimentary rocks were formed on the western margin of the
Laurentian craton. In the Permian and Triassic, the Wallowa-Seven Devils (WSD)
terrane began to evolve off of this western margin and, in the Jurassic, a subduction
zone formed. WSD accreted to the continent in the Cretaceous causing the trench to
shift to the west. Compression, eastward thrusting, and magmatism accompanied and
followed the suturing of this terrane. The Cretaceous magmatism and later Tertiary
magmatism created plutons that were emplaced into a "thrust-magmatic corridor" that
is now part of east-central Idaho and western Montana.
This corridor extends from the Wallowa-Seven Devils terrane on the west,
through the northern Idaho batholith, across the Sapphire plate, the Flint Creek
plutons, the Boulder batholith, and the Helena Salient of the Montana overthrust belt
farther to the east (Figure I). This thrust-magmatic corridor is defined on the north by
the Lewis and Clark line (Wallace et al., 1990) and on the south by the Perry line
(Lageson, 1992). The Cretaceous plutons (70-85Ma) in this thrust-magmatic corridor
are in close proximity to, or have been invaded by, Tertiary plutons (40-55 Ma).
Throughout the Late Cretaceous, east-directed thrusting that accompanied the
docking of the Wallowa-Seven Devils terrane persisted. Thus, Cretaceous
magmatism and the eastward thrusting were contemporaneous (Tilling et al., 1968).
1
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Figure 1. Map of the Study Area in Eastern Idaho and Western and Central
Montana. (Modified from Hyndman, 1983). Inset designates the
approximate study area location.
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However, Eocene magmatism was not affected by the thrusting which ended during
Paleocene time at the latest (Schmidt and Hendrix, 1981; Hoffman et al., 1976).
Beneath the Cretaceous and Tertiary plutons there are three different basement
provinces: Wyoming province basement (Archean), Proterozoic basement, and the
exotic Wallowa-Seven Devils basement (Permian-Triassic).
This "corridor" is a unique area where thrusting and magmatism extended
farther east than they did to the north and south of this region, thus forming the
Helena Salient (see Figure 1). Many interpretive problems including the tectonic
history of the region, whether or not plutons were translated eastward along thrust
faults, the extent of the magmatism in time and space, and the relationships among
magma sources and basement provinces are associated with this magmatic corridor.
Questions include: Where are the basement boundaries? Can isotope
systematics be used to identify displaced plutons? How can this information help in
the tectonic interpretation of the region? Since the basement boundaries are not well
known in the corridor, can restoration of potentially displaced plutons help us to
understand such boundaries better? This study was directed toward a further
understanding of these questions.
The purpose of this study was to analyze Sm/Nd isotopes in Cretaceous and
Tertiary plutons to probe their possible lower crustal and/or mantle sources. In the
thrust-magmatic corridor, Cretaceous plutons and adjacent Tertiary plutons were
sampled. These Cretaceous and Tertiary "pairs" were systematically analyzed to
determine if the Cretaceous plutons were translated laterally along faults at depth

4

assuming the Tertiary plutons are in place above their magmatic sources. If the
isotopic signatures of the Cretaceous plutons match those of nearby Tertiary plutons
they may indicate a lack of displacement of Cretaceous plutons, isotopically
homogeneous basement blocks, and/or uniform mantle-crust mixing. If isotopic
signatures of Cretaceous plutons do not match those- of nearby Tertiary plutons the
signatures may indicate displacement of Cretaceous plutons, isotopically
heterogeneous basement, or variations in mantle-crust mixing.
Plutons and associated volcanic rocks sampled were evenly spaced throughout
the magmatic corridor and the Cretaceous and Tertiary pluton samples were
isotopically analyzed for comparison. Sample locations range from the Judith
Mountains on the east, through the Crazy Mountain Basin, the Three Forks
Quadrangle, Racetrack pluton area and the Lowland Creek Volcanics on the west.
R.B. Chase collected samples in the summer of 1996. Mechanical sample
preparation and petrography were done at Western Michigan University in the fall of
1996. Sample chemical preparation was done at Syracuse University in the winter of
1997. M.E. Bickford did the mass spectrometry for the samples at the Isotope
Geochemistry Laboratory at Syracuse University in March and April of 1997.

GEOLOGIC SETTING
The area of this study is a 400km-long corridor in east-central Idaho and
western Montana that extends from the exotic Wallowa-Seven Devils terrane on the
west, across the northern Idaho batholith, to the Boulder batholith and the Helena
Salient on the east. The northern border of the study area is defined by the Lewis and
Clark line and the southern border is defined by the Perry line (Figure 1). There are
three different basement provinces in this area. To the east is an Archean basement
that is part of the northern segment of the Wyoming Province (Wooden, et al., 1988).
Westward, beyond the Archean basement, is a Proterozoic basement that has been
inferred, from U-Pb inherited zircon studies, to lie beneath the Idaho batholith
(Bickford, et al., 1981). To the west of the Proterozoic basement is the WSD terrane
that is thought to be a southern segment of the allocthonous terrane called Wrangellia
(Jones et al., 1977). An active subduction zone developed off the western Laurentian
margin, and the WSD terrane accreted to the Proterozoic basement on the western
margin of Laurentia during the Cretaceous period. Subduction presumably renewed
to the west of the WSD terrane.
Eastward thrusting occurred in this area during and after the docking of the
WSD terrane and magmatism occurred throughout t�is region during Cretaceous and
Eocene times. The group of thrusts that developed from this activity is referred to in
this area as the Montana disturbed belt. Structural studies indicate the termination of
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thrusting occurred in the early Paleocene (Schmidt and Hendrix, 1981, Hoffman et al.,
1976). This indicates that the Eocene plutons postdate the thrusting.
Archean Basement
The Archean basement in this area is part of the northern Wyoming Province
(Wooden, et al., 1988). In the study area, Archean basement rocks are exposed to the
east of the Eldorado-Lombard thrust zone and south of the Willow Creek fault zone
(Figure 2). Archean basement rocks that crop out in southwestern Montana (Figure
2) are exposed in the Beartooth Mountains (Wooden and Mueller, 1988), the Little
Belt Mountains (Cantanzaro and Kulp, 1964), the Tobacco Root Mountains
(Vitaliano et al., 1979), and the Highland Mountains (O'Neill et al., 1988). The
western extent of the Archean basement in this region is uncertain, but the
Proterozoic-Archean boundary is considered to be roughly a north-south boundary
(Figure 3, Nelson and DePaolo, 1985). By connecting the outcrops of Archean
basement, the western Archean border may be estimated to be in the vicinity of the
Boulder batholith (Figure 4). Gunn (1991) interpreted the boundary to exclude
Archean basement within much of the Helena Salient (Figure 5).
The Archean basement in this region is composed mainly of amphibolites,
granitoids, and gneisses (Wooden, et al., 1988). In the southeastern Beartooth
Mountains, the Archean basement includes the Long Lake granite, the Long Lake
granodiorite, and a dioritic amphibolite (Wooden, et al., 1982). The Little Belt
Mountains are composed of quartzofeldspathic augen gneiss (Cantanzaro and Kulp,
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Figure 5. Interpretation of the Proterozoic-Archean Boundary by Gunn, 1991.
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1964), and the Highland Mountains of quartzofeldspathic gneiss (O'Neill et al.,
1988).
Sm/Nd Isotopic studies done in the Beartooth Mountains yield £Nct(2.78Ga)
signatures that range from -1.5 to -3.2 (Wooden and Mueller, 1988). Gunn (1991)
found the Archean basement to have £Nct(70Ma) signatures that cluster between -10
to -17, and range from -4 to -44. These values are presented for comparison with the
epsilon values determined in this study.
Proterozoic Basement and Sedimentary Rocks
To the west of exposed Archean rocks are Proterozoic basement and
Proterozoic sedimentary rocks. In the Highland Mountains (Figure 2), U-Pb studies
by O'Neill et al. (1988) indicate metamorphic growth of zircons during Proterozoic
recrystallization of 2.7Ga Archean gneiss. The U-Pb analysis of the zircons gives an
age of 1.8Ga. Proterozoic basement has also been documented by U-Pb studies of
zircons in the Little Belt Mountains (Cantanzaro and Kulp, 1964). Within this study
area, Proterozoic basement has been inferred, from U-Pb studies of inherited zircons
in Idaho batholith plutons by Bickford et al. (1981), to be below the Idaho batholith.
However, direct sampling and Sm-Nd analysis of Proterozoic basement exposures
has only been done in Canada. Therefore, the data from the southern Canadian
Cordillera in Armstrong et al. (1991) will be used for comparison with this study.
Values for c0Nd were calculated from the data in Armstrong et al. (1991) using

12
I°cHuR=

0.512665. Locations of the sampled areas are shown in figure 6. The £

0

Nd

values for the Frenchman Cap Gneiss range from -7 to -30 and average -19.2. Grand
Forks Gneiss values range from -12 to -18 and average -14.6. £0Nd values for the
Vaseaux Formation gneiss and micaceous schist range from +4 to -24 and average
-11.1, whereas the Spokane Area pre-Purcell basement has £0Nd values that range
from -14.7 to -16.7 and average -15.4. All together the £0Nd values average around
-15 for the Proterozoic basement.
Proterozoic sedimentary rocks of the Belt-Purcell Supergroup overlie this
basement. The sedimentary rocks may have collected in a basin that was formed as a
continental margin basin (Harrison et al., 1974) when the western margin of the
Laurentian craton rifted apart (Ross et al., 1992). Belt-Purcell Supergroup rocks are
known to have £0Nd signatures that range from -6.6 to -20.2 and average around -15
(Frost and Winston, 1986).
Belt-Purcell Supergroup sedimentary rocks have important implications
regarding isotopic signatures due to the possibility of the sedimentary rocks being a
source of crustal contamination. Magma can assimilate the sedimentary rocks as it
passes through the crust, and, therefore, the sedimentary rocks would lower the £1Nct
value of the magma: Older crust with lower ENct values would be incorporated into a
young magma. For example, the Proterozoic sedimentary rocks could be
incorporated into an Eocene magma, therefore lowering the ENct signature of that
magma.
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Figure 6. Locations oflsotopically Characterized Rocks. From Armstrong et al.,
1991.

14

Phanerozoic Basement and Sedimentary Rocks
To the west, the basement province is the exotic Wallowa-Seven Devils
terrane. During the late Paleozoic and early Mesozoic, the Wallowa-Seven Devils
terrane began to evolve as a series of andesitic island arcs, plutons, and basaltic
ocean floor (Vallier, 1995). The Wallowa-Seven Devils terrane is considered to be a
southern segment of the allocthonous Wrangellia terrane (Jones et al., 1977) which
sutured (Figure 7) onto the western continental margin about 118 to 93 Ma (Lund
and Snee, 1988). An isotopic study of plutons in the suture zone gave E(80Ma)Nd
values for WSD terrane plutons that range from+3.2 to+7.6 and average+5.7
(Fleck, 1990).
Compression and thickening of the crust during the Cretaceous period can be
related to this suturing (Lund and Snee, 1988). Regional metamorphism and
eastward thrusting also accompanied the docking of the Wallowa-Seven Devils
terrane, and subduction was shifted to the west. Data on the thrust plates of the
Montana disturbed belt indicates that thrusting had stopped by late Cretaceous to
Paleocene time, 72 to 56 Ma (Hoffman et al., 1976).
During the Paleozoic and Mesozoic, sediment was locally deposited upon the
Proterozoic Belt-Purcell Supergroup sedimentary rocks and crystalline basement.
Crustal contamination of the ascending magma would have the effect of changing the
magma's ENct signature.
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Figure 7. The Wallowa Seven Devils-Proterozoic Boundary. Modified from Lund,
1988.

STRUCTURAL, PLUTONIC AND VOLCANIC HISTORY
Following the formation of the Archean basement, Proterozoic basement, and
deposition of Proterozoic Belt-Purcell sediments, the Permo-Triassic Wallowa Seven
Devils terrane was being formed during the late Paleozoic-early Mesozoic and was
eventually sutured to the continent during middle Cretaceous time (Lund and Snee,
1988). During late Cretaceous time, igneous intrusions were emplaced along the
western continental margin (what is now eastern Idaho and western Montana) and
were affected by the Laramide orogeny that began in the late Cretaceous. Thrusting
involved with this orogeny continued through Paleocene time (Schmidt and Hendrix,
1981), so Eocene plutons were emplaced after this thrust activity.
Thrusting in this region during middle Cretaceous time was, according to
Lund and Snee (1988), associated with the transpressive suturing of the Wallowa
Seven Devils terrane onto the continent, resulting in compression and thickening of
the crust through which late Cretaceous plutons were emplaced. Major thrusts in the
study area (see Figure 2) include the Eldorado-Lombard thrusts that define the
Helena Salient. The Eldorado thrust forms the northern part of the salient, whereas
the Lombard thrust defines the eastern section. The southern section of the salient is
formed by the Jefferson Canyon thrust. The Jefferson Canyon thrust extends east
west and dips to the north (Robinson, 1963). The Eldorado-Lombard thrust system
dips gently to the west. Movement along this thrust was eastward, placing
16
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Proterozoic Belt sedimentary rocks over Paleozoic and Mesozoic sedimentary rocks
(Woodward, 1981). The displacement associated with the Eldorado thrust has been
estimated to be between 16 and 81 km (Woodward, 1981).
The two major thrust plates in the study area are the Sapphire plate and the
Elkhorn plate (see Figure 2). The Sapphire plate is composed mainly of Proterozoic
Belt sedimentary rocks and Paleozoic and Mesozoic strata (Ruppel et al., 1981). It is
roughly located between the Idaho batholith and the Boulder batholith. Structural
analysis shows some thrust plates within the western Sapphire plate have been
translated eastward at least 70 km (Ruppel et al., 1981).
The Elkhorn plate (see Figure 2) is also composed of Belt sedimentary rocks
(eastern Belt strata not found in the Sapphire plate), as well as Paleozoic and
Mesozoic strata (Ruppel et al., 1981). The plate is located roughly from the Boulder
batholith on the west to the Helena Salient on the east. The Elkhorn plate has been
transported to the east between 2-20 km (Ruppel et al., 1981).
During the tectonic activity associated with the suturing of WSD, Cretaceous
plutons were being emplaced. After the Wallowa Seven Devils terrane docked onto
the continent and subduction was shifted to the west, the main phase of emplacement
in the northern Idaho batholith began around 65 to 80Ma (Hyndman and Foster,
1988). Magmatism in the Idaho batholith continued during Eocene time (Bickford et
al., 1981). Structural analysis of the Boulder batholith, which was emplaced around
74-80Ma (Ruppel et al., 1981), shows how this body was involved with the eastward
thrusts (Hamilton and Myers, 1974). The batholith was intruded into thrust faults

18
from the west and translated thrusting outward to the east of the batholith (Hamilton
and Myers, 1974). Extrusion of the Elkhorn Mountain volcanics, that is considered
to be a volcanic cover under which the Boulder batholith was emplaced, preceded
formation of the Boulder batholith (Klepper et al., 1971).
Just as volcanism occurred in late Cretaceous time, it also occurred along
with Tertiary plutonism that followed Cretaceous plutonism and thrusting. Tertiary
intrusions--stocks, dikes and sills--were emplaced throughout this region. Volcanism
also occurred during this time. The Lowland Creek Volcanics were emplaced along
the western side of the Boulder batholith around 48 to 50 My (Smedes and Thomas,
1965). Extensional tectonics are also thought to have occurred during the Tertiary
(Rehrig, 1986), perhaps resulting in a thinner crust through which the Eocene plutons
were emplaced.
Figure 8 is a geologic map of the area of study that shows the general
locations of major thrusts, major Cretaceous and Tertiary plutons, and sample sites.
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MODELS OF PLUTON EVOLUTION
Analysis of isotopic data for Cretaceous and Tertiary pluton pairs may yield
information about possible displacement of the Creta�eous plutons, the distribution
of the lower crustal source (basement), and the geometry of the basement. Several
possible models may be used to guide the interpretation of the results:
Model 1
If the isotopic signatures of the Cretaceous and Tertiary pluton pairs match,
then the magmas from which the two plutons crystallized sampled the same lower
crustal source. Tertiary plutons are in-place with regard to the lower crustal source.
Cretaceous plutons in each pair are displaced, but have not been displaced across_
basement boundaries. It would not be possible to identify displaced plutons by
matching the isotopic signatures of the Cretaceous plutons with the signatures of the
Tertiary plutons that are in-place above because both plutons in each pair sampled
the same crustal source. In this case, pluton displacement would not be able to be
identified, but the Tertiary plutons may still be able to reveal information about
basement distribution. This scenario in modeled in Figure 9a.
Model 2
If the isotopic signatures of the pluton pairs do not match, then the two plutons

20
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Figure 9. Models of Pluton Emplacement Versus Isotopic Signatures. a) Isotopic
signatures match, Cretaceous plutons are displaced. b) Isotopic signatures
do not match, Cretaceous plutons are displaced. c) Isotopic signatures
match, Cretaceous plutons are not displaced. d) Isotopic signatures do not
match, Cretaceous plutons are not displaced. e) Cretaceous plutons may or
may not be displaced, Tertiary plutons are displaced due to extension
tectonics. f) Neither pluton is displaced, Proterozoic/Archean boundary is
blended by thrusting.

plutons are sampling different lower crustal sources. The Cretaceous pluton may
have sampled one basement and was then translated eastward across a basement
boundary while the Tertiary pluton sampled a second basement and is in-place above
this source. By restoring the displacement based on known structural information, it
may be possible to identify the extent of the basements beneath these plutons. This
scenario is modeled in Figure 9b.
Model 3
A third possibility is that the isotopic signatures of the pluton pair samples
match (plutons sampled the same lower crustal source) but there has been no
displacement of plutons. In this scenario, modeled in Figure 9c, the isotopic
signatures should reveal information about the distribution. of the lower crust.
Model4
In this scenario, isotopic signatures of the pluton pairs would not match
(plutons sampled different lower crustal sources) and there has been no pluton
displacement. The isotopic signatures may be able to reveal some information on
basement distribution. This scenario is modeled in Figure 9d.
Model5
This situation (Figure 9e) involves emplacement of Cretaceous plutons that
sampled the lower crust but may or may not be displaced. The Tertiary plutons were
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emplaced during a time of extension. This extension would displace the earlier
Tertiary plutons from their source. In this situation, the displacement of the
Cretaceous plutons would not be able to be determined, and may not provide
significant information on basement distribution.
Model 6
Model six (Figure 9f) shows basement boundaries that are not distinct
because the basement was also involved in eastward translation. This would blend
the two basements. In this case, the plutons would show a transitional isotopic
signature in between that of the Archean signature to the east and the Proterozoic
signature to the west. It would not be possible to identify displacement of
Cretaceous plutons, but it may reveal useful information oi:i basement distribution.
These models define scenarios based on simplifying assumptions. It is
possible that the situation could be complicated by variations in mantle-basement
mixing ratios or isotopic heteorgeneities in the basement or underlying mantle. In
these situations there would be varying isotopic signatures. If the mantle component
were greater in proportion to the basement component, then E1Nct would be higher. If
the basement component were greater, then the E1Nct would be lower. If there were
heterogeneities in the basement or mantle, plutons that ascend through this basement
would naturally have variations in E1Nct since the basement is not uniform.

SAMPLING AND ANALYTICAL PROCEDURES
Sample Collection
The sample sites were chosen on the basis o( (a) distribution evenly over the
magmatic corridor, (b) close proximity of both Cretaceous (pre- or syn-thrusting)
bodies and Tertiary (post-thrusting) bodies, (c) existing geologic maps that can be
considered reliable, (d) reasonable access by road or foot trail, (e) freshness of rock
samples available, and (f) availability of existing isotopic data at selected localities.
The samples that were collected at these sites were chosen on the basis that the
sample was an appropriate representation of the whole intrusion in that area and that
the sample collected was not heavily weathered.
Synopsis of Analytical Techniques
The Cretaceous and Tertiary rock samples were broken with a sledgehammer,
with special care taken to remove any weathered surfaces. The individual samples
were further reduced in a jaw crusher, then ground into powder in an aluminum
oxide shatter box. The powder for each sample was weighed and dissolved in 29M
HF acid in a Teflon bomb. After being converted into chloride form, the samples
were spiked with mixed

149

Sm/ 150Nd and chemically separated using ion-exchange

columns. Mass spectrometry utilized a triple filament source in a VG sector 54
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instrument equipped with seven collectors and a Daly multiplier. More detailed
descriptions of the sample preparation and analytical techniques are given in
Appendix B.
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SAMP LE LOCATIONS AND GEOLOGICAL DE TAILS
Samples collected from all locations were analyzed by petrographic and
modal analysis (Table 1). For the modal analysis, 1000 points were counted for each
thin section. The samples were examined for weathering and/or alteration that could
alter the isotopic signatures. Badly weathered and/or altered samples were discarded.
Within each section describing sample location, a petrographic description of the
samples collected from that location is given.
96A1: Sample location 96A1 is in the eastern Judith Mountains in central
Montana. Monzonitic magma intruded into the Judith Mountains approximately 6869 Ma and created the 25-square-kilometer Linster Peak Dome (Kirchner, 1983).
Alkaline magmas intruded into the dome around 59-65 Ma. Sample 96Al-5 is a
Tertiary intrusive, and sample 96Al-6 is from the Cretaceous stock (Figure 10).
Displacement of about 300m was caused by fault activity in the late
Cretaceous before the early crystallization of the stocks chill zone (Kirchner, 1983).
Kirchner believes this faulting to be associated either with a basement movement or
the upwelling of magma. Fault activity continued during and after the emplacement
of the stock (Kirchner, 1983).
Following the emplacement of the Linster Peak stock, alkaline magma
intruded as dikes into the stock, and as sills into the adjacent Paleozoic and Mesozoic
sedimentary rocks (Kirchner, 1983). Two types of alkaline magmas intruded into the
26
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Table 1
Petrographic Analysis
Modal Mineral Analysis

96Al-5

96Al-6

96A3-1

96A4-1

96A4-3

Quartz

0

0

0

0

8

Plagioclase

0

88

30

59

27

K-feldspar

53

0

Tr

0

48

Nepheline

0

0

4

0

0

Biotite

0

0

13

Tr

0

Hornblende

0

8

0

0

0

Clinopyroxene

10

2

51

10

0

Olivine

0

0

Tr

25

0

Gamet

1

0

0

0

0

Chlorite

0

0

0

0

11

Calcite

0

0

0

0

5

Opaque

1

2

2

6

I

Apatite

0

0

0

0

0

Sphene

0

0

0

0

0

Zircon

0

0

0

0

0

Muscovite

0

0

0

0

0

Groundmass

35

0

0

0

0
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Table 1-- Continued
Modal Mineral Analysis

96A6-1

96A6-5

96A7-1

96A7-4

Quartz

11

0

11

28

Plagioclase

28

47

35

45

K-feldspar

0

0

0

9

Nepheline

0

0

0

0

Biotite

2

6

6

11

Hornblende

0

39

0

6

Clinopyroxene

0

0

0

0

Olivine

0

0

0

0

Gamet

0

0

0

0

Chlorite

3

2

0

1

Calcite

Tr

0

0

0

Opaque

0

6

0

Tr

Apatite

0

Tr

0

0

Sphene

0

0

0

0

Zircon

0

0

0

0

Muscovite

0

0

0

0

Groundmass

56

0

48

0
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Figure 10. Map of the Linster Peak Dome, Montana. (Modified from Kirchner,
1983).
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stock. One type produced Tertiary alkali trachyte; the other produced alkali-syenite
porphyry (Kirchner, 1983). The Tertiary sample from this area is clinopyroxene
alkali-syenite porphyry from a small stock that intruded the eastern sector of the
larger Cretaceous stock.
The emplacement of the Cretaceous stock and the intrusion of the Tertiary
stock occurred successively (Kirchner, 1983). However, the chemical compositions
of the rocks crystallized from these two magmas indicate that they were derived from
two different source areas. Sample 96A l -5 is a greenish-gray, fine to coarse-grained,
hypidiomorphic, porphyritic, clinopyroxene-alkali syenite porphyry with a color
index of 20. The feldspars are slightly altered to clay but the pyroxenes are not
altered. Sample 96A1-6 is a tan, fine to medium-grained, hypidiomorphic,
porphyritic, hornblende-clinopyroxene diorite with a color index of 12. The
feldspars are fresh.
96A3: The Crazy Mountains basin in west-central Montana is in the Helena
Salient region of the eastern Montana Disturbed Belt (Figure 11). Sample 96A3-1 is
a Tertiary sill from this area.
This late Cretaceous-early Tertiary basin is distinguished by two types of
deformation: Montana Disturbed Belt thin skinned, decollement-style folds and
thrust faults, and Rocky Mountain basement-involved folds and thrust faults (Harlan
et al., 1988).
In this area, the host rocks are Paleocene sedimentary rocks, mainly of the
Fort Union Formation. The Fort Union is composed of sedimentary rocks such as
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Figure 11. Map of the Crazy Mountains Basin, Montana. (Modified from Harlan
et al., 1988).
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sandstone, siltstone, and pebble conglomerate (duBray and Harlan, 1996). Tertiary
alkaline and subalkaline dikes, sills and stocks have intruded these sedimentary
rocks. The Tertiary intrusive rocks are exposed in the northwest section of the Crazy
Mountains basin (Harlan et al., 1988). Intrusions sampled in this basin yielded K-Ar
ages of 52 to 48 Ma (Harlan et al., 1988).
Sample 96A3-1 is a black, medium-grained, hypidiomorphic, equigranular,
biotite-clinopyroxene-foid diorite with a color index of 66. The feldspars are
weathered, but the pyroxenes have distinct crystal faces and do not appear altered.
96A4: Sample location 96A4 is in the Three Forks Quadrangle in Montana
(Figure 12). At the base of the stratigraphic sequence in the 96A4 area is Archean
gneiss. On top of this metamorpic rock lie layers of unmetamorphosed Belt
Supergroup and Phanerozoic sedimentary rocks intruded by Cretaceous and Tertiary
igneous rocks.
Sample 96A4-1 is from one of two small olivine basalt intrusive bodies in
this area (Robinson, 1963). The other intrusion sampled (96A4-3) is a Cretaceous
quartz monzonite sill, approximately two miles in length, that intruded the mid to
late Cambrian Wolsey shale (Robinson, 1963).
During the Laramide orogeny large folds were formed in this sample area.
The fold axes trend roughly north-south, indicating east-west compression. After a
short period of inactivity, major thrusting occurred with principal movement from
west to east (Robinson, 1963). The timing of thrusting relative to emplacement of
the intrusions is not known, but the two processes likely overlapped. The minimum
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displacement along these thrusts has been estimated to be at least 4.8km, but the
maximum displacement may be more (Robinson, 1963).
Sample 96A4-1 is a blackish-green, intergranular, magnetite-clinopyroxene
olivine basalt with anhedral microphenocrysts of pyroxene and olivine in an
unoriented groundmass of feldspar laths. Olivine is altered to iddingsite along
fractures, but the feldspar laths are fairly fresh. The other intrusion sampled at this
locality (96A4-3) is a Cretaceous sill that is composed of a pink and green, medium
grained, hypidiomorphic, granular, equigranular quartz monzonite with a color index
of 12. Biotite is altered to chlorite and the feldspars are altered to sericite.
96A6: Sample location 96A6 is in the Racetrack pluton area, Flint Creek
Range, Montana (Figure 13). The Cretaceous lenticular Racetrack pluton has
intruded upper Belt Supergroup sedimentary rocks along the Olson Gulch thrust
fault. Foliation in the pluton indicates intrusion occurred before movement along the
fault had stopped (Hawley, 1975). The Racetrack pluton was intruded by the Mount
Powell batholith (Hawley, 1975). Sample 96A6-1 is a Tertiary dike that intruded
porphyritic granite of the Mt. Powell batholith, and sample 96A6-5 is from the
Racetrack pluton.
Sample 96A6-1 is a gray and white spotted, fine to medium-grained,
allotriomorphic, granular, porphyritic biotite tonalite with a color index of 6.
Feldspar is slightly altered to sericite around the crystal edges and biotite is altered to
chlorite. Sample 96A6-5 is a black and white, medium-grained, allotriomorphic,
granular, equigranular, biotite-homblende diorite with a color index of 53. Although
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there has been some alteration of biotite to chlorite, the feldspars are fairly fresh.
96A7: These samples are from the southwestern region of the Boulder
batholith (Figure 14). The Boulder batholith is a collection of Cretaceous bodies
emplaced into Belt Supergroup and Phanerozoic rocks (Smedes, 1973; Tilling,
1973). Sample 96A7-1 is a dike, associated with the Lowland Creek volcanic
sequence. Sample 96A7-4 is a granodiorite from the Butte quartz monzonite (BQM)
of the Boulder batholith. The Lowland Creek Volcanics cover an extensive area in
the Big Butte region and have been dated by the K/Ar method to be around 48 to 50
Ma (Smedes and Thomas, 1965). The batholith in general has K/Ar dates of 70-78
Ma (Tilling et al., 1968).
Sample 96A7-1 is a white and black-speckled, biotite-dacite porphyry. The
sample appears to have undergone little weathering--the feldspars are fresh. Sample
96A7-4 is a black and white, medium-grained, allotriomorphic, granular,
equigranular, homblende-biotite granodiorite with a color index of 18. There has
been some alteration of biotite to chlorite and slight alteration of feldspars to sericite.
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SAMARIUM-NEODYMIUM ISOTOPE SYSTEMATICS
Samarium and neodymium are both Rare Earth Elements (REE) and both
have several stable isotopes.

147

Sm decays to 14 3Nd through an alpha decay process.

The half-life of 147 Sm is l .06x 1011y with a decay constant of 6.54x 10-1 2y 1 (Faure,
°

1986). When determining the growth of 14 3Nd, 144 Nd is used as the stable reference
isotope since 144 Nd is not formed radiogenically and, therefore, remains unchanged in
a rock. Differences in isotope ratios are too small to use for comparison, so the ratios
are converted into epsilon values. All values are with respect to CHUR (chondritic
uniform reservoir). Initial epsilon values formed at the time of crystallization were
determined by:

1

14 3

£ cHuR = ( [(

Nd/144 Nd)i / 11cHuR] -1 ) x 104 .

fcHUR is

the

14 3

Nd/144 Nd ratio of CHUR at the the time the rock crystallized (I'CHUR =

14 3

Nd/ 144 Nd).

I°CHUR is

fcHuR is

determined by: 11cHuR = I°cHuR - (

147

Sm/ 144 Nd)0cHuR (e"-1- l ).

the 14 3Nd/1 44Nd ratio of CHUR at the present time and is determined

through analyses of stony meteorites to be:

I°CHUR

= ( 143Nd/ 144 Nd) = 0.512638. The

( 147Sm/144 Nd)0cHuR of CHUR at the present time, also determined through analyses
of stony meteorites, is 0.1967. Present epsilon values were determined by: c °CHUR =
14 3

( [(

Nd/144 Nd)meas / I°cHuR] -1 ) x 104 (All equations are from Faure, 1986).
Positive epsilon values indicate that the magma has been derived from a

"depleted" mantle from which magma was drawn during earlier igneous events. An
epsilon value of zero indicates that the magma was derived directly from mantle
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expressed as a chondritic uniform reservoir. Negative epsilon values indicate that the
magma was derived from an "enriched" source; the magmatic products of an earlier
fractionation episode. Adepleted magma has been depleted in Nd. Since the bond
strength of this element is weak, Nd is concentrated, or enriched, in the liquid.
Amodel age gives the time when the source material that formed the pluton
separated from a depleted mantle reservoir (ToM) or a CHUR reservoir (TCHUR), and
is an estimate of the age of that source material. For this project, mixing of mantle
and crustal sources for Cretaceous and Tertiary magmas is likely. Agreater crustal
component yields an older model age. Model age is given by:

+1
TcttuR=(l/A)ln---, """.,..
14 / - ----r1...,.... - - """m,.. 4..,.
"144.,,.. - ..,.orm/ Nd)
( Sm/ 44Nd) R-_-(...,l ls__
CHUR

(From Faure, 1986)

m = measured
R = rock
This equation assumes the magma from which the rock crystallized separated from
the chondritic uniform reservoir. However, magma may also be derived from a
crustal source or a depleted mantle source. AToM model age is calculated with
respect to the depleted mantle. The equation (from DePaolo, 1981) for the evolution
of a depleted mantle, with respect to CHUR, is:
tNct{T)= 0.25T2 - 3T + 8.5
This gives an evolution path that is slightly different from CHUR. The depleted
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mantle evolution path, when plotted on a
1 43

Nd/ 144Nd and

1 47

1 43

Nd/ Nd versus time graph, has a higher
144

Sm/ 144Nd ratio and, therefore, has a steeper slope then the

evolution path for CHUR. Conversely, a partial melt would have a lower
1 43

Nd/ 144Nd and

1 47

Sm/ 144Nd ratio and therefore a less steep slope then CHUR.

A rock forming from a magma that separated from a depleted mantle source
would have less negative ENct values then a rock formed from a magma that had
separated from CHUR. Therefore, young magma (say Cretaceous in age) would
have less negative ENct values if it was extracted from a depleted mantle then if it was
extracted from CHUR or from an enriched source. Another factor that influences ENct
is, with all other factors equal, the age of the contaminant; the older the crust that
contaminated the magma, the more negative the ENct value will be. The amount of
contamination also affects the ENct value, with all other factors equal; the more
contamination in the magma, the more negative the ENct value. By systematically
analyzing the ENct values and the TDM model ages, more information regarding source
materials, ages of magma separation, and models for the emplacement of the magmas
can be obtained.

ANALYTICAL RESULTS
Table 2 shows the raw isotope data determined on the mass spectrometer.
Table 3 gives the age of the pluton sampled, and shows the initial epsilon
neodymium ratio with respect to CHUR (Chondritic Uniform Reservoir), and the
present neodymium ratios with respect to CHUR that were calculated from the raw
isotope data. The model ages are also given.
Pluton ages were obtained from previous studies (Table 4). The equations
used to determine e0cHUR, e1cHUR, and model ages are given on pages 38 and 39. The
epsilon values for the plutons studied range from -5 to -19. The model age values for
this study range from 1158 Ma to 2043 Ma with the model ages of Cretaceous rocks
consistently higher than the model ages of Tertiary rocks.
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Table 2
Raw Isotope Data
Mass Spectrometer Data

SAMPLE

Sm (ppm)

Nd (ppm)

96Al-5

6.85

33.94

0.12204

0.511990

96Al-6

7.07

38.51

0.11094

0.511665

96A3-l

21.97

152.98

0.08681

0.511995

96A4-l

6.35

33.03

0.11622

0.512315

96A4-3

4.46

23.70

0.11375

0.511829

96A6-1

3.21

17.74

0.10952

0.512086

96A6-5

4.75

22.71

0.12646

0.512036

96A7-1

2.99

17.47

0.10345

0.512079

96A7-4

4.88

25.69

0.11471

0.512082
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Table 3
Isotopic Data
Neodymium Analysis Using Data in Table 2
SAMPLE

1

AGE 1

E(O)

96Al-5

59 Ma (T)

-12.65

-12.09

1748 Ma

96Al-6

68 Ma (K)

-18.97

-18.23

2043 Ma

96A3-1

48 Ma (T)

-12.55

-11.88

1259 Ma

96A4-1

40Ma (T)

-6.3

-5.89

1158 Ma

96A4-3

68 Ma (K)

-15.79

-15.07

1849 Ma

96A6-1

50 Ma (T)

-10.78

-10.22

1398 Ma

96A6-5

74 Ma (K)

-11.75

-11.09

1756 Ma

96A7-1

50 Ma (T)

-10.9

-10.31

1331 Ma

96A7-4

70 Ma (K)

-10.85

-10.12

1477 Ma

See Table 4 for references

· E(t)
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Table 4
Pluton Age References
SITE

AGE

REFERENCE

96Al-6
96Al-5

68-69Ma
59-65Ma

Kirchner (1983)
Kirchner (1983)

96A3-1

48-52Ma

Harlan et al. (1988)

96A4-3
96A4-1

68Ma
~40Ma(Eocene-recent)

Robinson (1963)
Robinson (1963)

96A6-5

74.0±2.1Ma
76.7±2.5Ma

Ehinger (1971)*
Hyndman, Obradovich
and Ehinger (1972)*

73.4±2.1Ma
72.0±2.5Ma

Ehinger (1971)*
Hyndman, Obradovich
and Ehinger (1972)*

96A6-1

50.7Ma
(Lowland Creek age)

Baty (1973, 1976)*

96A7-4

75.2±2.3Ma
75.1±2.3Ma

McDowell (1966, 1971)*
Tilling et al. (1968)*

96A7-1

48-50Ma
(Lowland Creek age)

Smedes and Thomas
(1965)

* In: Radiometric Dates of Rocks inMontana, Daniel and Berg, 1981

DISCUSSION
Ideally, if a Cretaceous pluton was originally over a Proterozoic basement and
was decapitated and translated eastward over an Archean basement, then this
Cretaceous pluton and the structurally in-place Tertiary pluton it is paired with would
show differing isotopic signatures. Equally ideally, if a Cretaceous pluton was not
displaced and remained above the original source, then the Cretaceous and Tertiary
isotopic signatures would be the same. When the results are analyzed, it is clear that
the situation is more complicated than these ideal scenarios.
The variations in the epsilon values from the nine samples suggest a
heterogeneous crust or mantle, or variations in crust-mantle mixing, or both. This
causes natural variations in the neodymium ratios and complicates the analysis.
Instead of an ideal situation where one would expect to see the same signatures for
Tertiary plutons and Cretaceous plutons that have not been displaced, it is likely that
these same plutons would show different signatures due to the fact that they
assimilated a heterogeneous crust, likely in varying proportions.
The c0Nct values are more positive then expected given the basement ages,
indicating younger crustal sources or lesser crustal contamination. Since this study
area involves Proterozoic and Archean basement, but epsilon values indicate sources
younger then Proterozoic or Archean, it is evident that mixing has occurred between
the mantle and older Proterozoic or Archean crust. The Proterozoic and Archean
45
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crust would have low £Nd signatures, whereas mantle values are much higher. The
combination of the mantle and the crust would give intermediate signatures, and the
value would depend on the proportion of mixing. Therefore, instead of a clear
indication of Proterozoic or Archean signatures in the Cretaceous and Tertiary
plutons, we see a multi-component mixing model.
If lsR values for these samples were compared with £1Nd, we would hope to
see two distinct mixing curves--one curve for the mix between Proterozoic crust and
mantle, and another curve for the mix between the Archean crust and mantle. There
is no guarantee, however, that there will be two distinct curves. More than likely all
£Nd

values will cluster in a certain range (as in Gunn, 1991, Figure 37). In this likely

situation, the actual £1Nd values do not help in indicating crustal sources, and,
therefore, displaced plutons.
If magma assimilated a crust that formed from a depleted mantle, then it
would have a less negative £Nd value then if it assimilated a crust formed from
CHUR (assuming proportion of mixing was equal). Additionally, if the magma was
depleted and assimilated an older crust, then it would again have a less negative £Nd
value then an enriched magma that assimilated older crust (assuming the proportion
of mixing in both cases is equal). In this study, nearly all of the Tertiary samples
have consistently less negative £Nd values then do the Cretaceous samples (The one
exception is at location 96A7). This suggests that either the crust or the mantle is
heterogeneous, and the Tertiary rocks assimilated depleted crust or lesser volumes of
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crust, or the Tertiary rocks were formed from a more depleted mantle (perhaps due to
earlier withdrawals of Cretaceous magma). Conversely, the more negative ENct
values of the Cretaceous plutons indicate more crustal assimilation by the Cretaceous
plutons; perhaps due to more aqueous melts, greater volumes of magma, a thicker
crust, or more time spent in the crust as magma.
If the greater crustal assimilation in the Cretaceous magmas is due to a
thicker crust, and the apparent lesser crustal assimilation in the Tertiary magmas is
due to a comparatively thinner crust, it is possible to fit this information into a plate
tectonic scenario. In this scenario, the Cretaceous plutons were emplaced during
compression perhaps during subduction, and the Tertiary plutons were emplaced
during extension perhaps due to rifting. These suggestions concur with the
conclusions from structural studies in this area. According to Hamilton (1988), "The
North American craton was deformed compressively during the latest Cretaceous and
early Tertiary time". Deformation extended eastward to the Helena Salient where it
overlaps with Rocky Mountain folds and thrusts. After this compressional event, "a
major Tertiary extensional orogeny...occurred during the Eocene (-55-40 Ma) north
of the Snake River Plain" (Rehrig, 1986). The Tertiary regional extension spans
from the Idaho batholith to the Little Belt Mountains (Reynolds, 1979).
Samples at locations 96A l , 96A4 and 96A6 all show consistently less
negative E1Nct values for the Tertiary plutons than for the Cretaceous plutons (Figure
15). However, the Tertiary pluton from location 7 (Sample 96A7-1) has a lower E1Nct
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value than the Cretaceous pluton (Sample 96A7-4). This sample location is
significant. The Proterozoic/Archean boundary is suggested to be in the vicinity of
the Boulder batholith (O'Neill and Lopez, 1985) (see Figure 4). Site 96A7 is
located near this suggested boundary (Figure 8).
When analyzing the data to indicate pluton displacement, sample location
96A7 is the area of interest. It would be expected, if the Cretaceous pluton had been
displaced, that it would have assimilated Proterozoic crust and then been thrust over
the Proterozoic/Archean boundary next to a Tertiary pluton that had assimilated
Archean crust. When looking at the Cretaceous pluton at site 96A7, it is clear that
this pluton does not fit the general pattern when compared to the data from the other
Cretaceous plutons. By looking at the graphs of E1Nd and TDM versus distance from
the WSD suture (Figure 15) and E1Nd and TDM versus age (Figure 16), it is shown that
the E1Nd values offer permissive evidence to suggest a pluton displacement. The
Cretaceous pluton at site 96A7 (E1Nd= -10.12) could match with the Tertiary pluton at
site 96A6 (E1Nd= -10.22). However, the Cretaceous pluton E1Nd value could also
match with the Tertiary pluton E1Nd value at location 96A7 (E1Nd= -10.31). Therefore,
pluton displacement cannot be proven at this location.
When the TDM data are analyzed for possible pluton displacement, there is
again permissive evidence to suggest Cretaceous pluton displacement at location
96A7. If the displaced Cretaceous pluton at location 96A7 and the in-place Tertiary
pluton at location 96A6 sampled the same (Proterozoic) crust in equivalent
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proportion, they would give similar model ages. In this study, the TDM model ages
are significantly older for the Cretaceous samples then for the Tertiary samples.
Since the model ages can be estimates of crustal residence time, it follows that the
Cretaceous samples spent a longer time in the crust, thus incorporating a greater
component of crustal contamination. Again, there is one exception to this pattern for
the model ages. The TDM model ages of the Cretaceous and Tertiary samples at
location 96A7 are more comparable in value then the model ages for the other
Cretaceous/Tertiary sample pairs (Figure 15), therefore, pluton displacement cannot
be proven at this location.
Alternatively, a possible explanation may be that the Cretaceous Boulder
batholith and the Tertiary Volcanics were both emplaced along deep, steeply-dipping
faults. Direct emplacement through deep fractures would limit the amount of crustal
contamination for the two magmas and would result in similar model ages. Among
all the samples in this study, the two samples from location 96A7 have the most
similar mineral composition. It is also possible that the Tertiary dike simply took on
the geochemical characteristics of the Boulder batholith through which it was
emplaced.
Since we would not expect to see plutons displaced across basement
boundaries at the other sample locations, it is encouraging that there are no
departures from the general Cretaceous/Tertiary isotope patterns at these locations.
Samples have been collected from locations 96A8, 96A9 and 96A10 on the
sample location map, but the data for these samples are not presented here.

Locations 96A8, 96A9 and 96A 10 are above Proterozoic basement and may be
analyzed in future studies.
Wright and Wooden (1991) used isotope systematics of Sr, Nd, and Pd as a
correlation to age and tectonic setting. By analyzing Cretaceous and Cenozoic
plutons in the northern Great Basin, they were able to identify pluton displacement.
The ENct values for the Jurassic-early Cretaceous plutons were the least negative,
ranging in value from +0.7 to -8.6. The ENct values for late Cretaceous plutons range
from -13 to -23.2, and the ENct values for the Cenozoic plutons range from -13.2 to 29. A distinction between the Jurassic-early Cretaceous and the late
Cretaceous/Cenozoic plutons can also be made using U-Pb data. They determined
that the Jurassic-early Cretaceous plutons contain a much greater mantle component
than do the late Cretaceous and Cenozoic plutons. Because of the different source
materials, they concluded that the Jurassic-early Cretaceous plutons were displaced.
They estimated that the Jurassic-early Cretaceous plutons were displaced up to
200km due to Sevier thrust activity. Late Cretaceous plutons were significantly less
displaced, and Cenozoic plutons were not displaced. The isotope values of the late
Cretaceous and Cenozoic plutons also served to define a Proterozoic/Archean
boundary in the northern Great Basin.
There have also been studies that use isotope signatures as indicators of
crustal evolution. In a study done by Gunn (1991), Nd, Sr, and Pb isotopes were
used to determine the crustal evolution of southwestern Montana. The results were
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interpreted by Gunn to indicate Archean crust not only in the Wyoming Province but
also in a small section slightly north of the Wyoming Province. In between the two
areas is an inferred Proterozoic basement. This interpretation of the Archean
Proterozoic boundary is shown in Figure 5.

CONCLUSIONS
Nd isotopic analysis of selected Cretaceous and Tertiary plutons in the west
central Montana magmatic corridor yielded E1Nct values of -5 to -19. The large
variations in the isotopic signatures indicate that the crust is likely heterogeneous.
Variations among epsilon values also indicate possible mixing between the crust and
the mantle in varying proportions. Model ages for the samples suggest that the
extent of crustal assimilation of the magmas as they rose through the crust was
greater for Cretaceous plutons than it was for Tertiary plutons. This could be due to
a greater crustal thickness for the Cretaceous magmas to rise through, greater heat
and/or fluid contents in Cretaceous melts, or perhaps greater crustal residence time
for Cretaceous melts. Conversely, the Tertiary magmas could have encountered a
thinner crust, and/or may have been derived from a more depleted mantle due to
withdrawal of magmas during the Cretaceous.
There is no definitive evidence to suggest pluton displacement at most sample
locations. However, one Cretaceous pluton located near the suggested
Archean/Proterozoic boundary has an E1Nct value that is higher than those from the
other Cretaceous plutons at the other locations and matches the E1Nct value of the
Tertiary pluton located approximately 25mi (15km) to the west, which may suggest a
possible pluton displacement.
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Appendix A
Sample Locations
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SAMPLE LOCATIONS
96Al:
Sample 96Al-5: SW¼ NE¼ Section 9, T17N, R21E
109° 3', 47° 15'
Sample 96Al-6: SE¼ NW¼ Section 5, Tl7N, R21E
109° 5', 47° 16'
96A3:
Sample 96A3-1: NW¼ NE¼ Section 28, T5N, RlOE
110 ° 29', 46° 10'

96A4:
Sample 96A4-1: NW¼ Section 34, TIN, RIW
111° 40', 45° 48'
Sample 96A4-3: NW¼ NW¼ Section 10, TIS, RIW
111° 40', 45° 46'

96A6:
Sample 96A6-1: SE¼ SE¼ Section 28, T7N, Rl IW
112° 58' 30", 46° 20'
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Sample 96A6-5: NE¼ SW¼ Section 34, T7N, Rl l W
112° 58', 46° 19'
96A7:
Sample 96A7-1: NW¼ SE¼ Section 14, T3N, R8W
112 ° 32', 46 ° 1'
Sample 96A7-4: NW¼ NW¼ Section 22, T3N, R7W
112° 28', 46 ° 00' 30"

Appendix B
Sample Preparation and Analytical Techniques
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SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES
The samples were broken down by rock hammer to -2in size pieces. Special
care was taken to remove as much of the weathered surfaces as possible. The
samples were then run through a jaw crusher and reduced to sand-gravel size
particles. Prior to crushing each sample, the jaw crusher was cleaned and a portion
of that sample was passed through the device to complete removal of any residual
material from the previous sample. The pre-contaminant portion was discarded and
the sample was then put through the jaw crusher.
The crushed rock was split by "coning". A cone was made out of the
crushed particles and then divided into halves. One half was then removed and again
split into halves. This was repeated until the representative sample was small enough
to be placed in an aluminum-oxide shatter box and ground down to a fine powder.
300-400 mg of each sample were weighed out into a clean Teflon bomb, and
about 250 uL of 14N HNO3 and 5 mL of 29M HF were added to the samples in order
to dissolve the powdered rock. This solution was allowed to dry down on a hot plate.
Once dry, the nitric and hydrofluoric acids were again added to the samples in the
same quantities. The Teflon bombs were then capped, fitted with a Teflon sleeve,
placed in metal jackets, and put into a 160 C 0 oven for seven days. This step assures
that the entire rock is dissolved.
The bombs were removed from the oven after seven days, removed from the
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metal jackets and the Teflon sleeves, uncapped, and evaporated to dryness in a
filtered air clean box. Once the solution had evaporated to dryness, the bombs were
allowed to cool and the residue on the bottoms of the bombs were covered with
perchloric acid and this was fumed to dryness in a perchlorate hood. This step
converts the sample from fluorides to perchlorates as an intermediate step in the
ultimate conversion of the samples into chlorides.
In order to convert the samples to chlorides, 10 mL of HCL were added to
the samples and then evaporated to dryness in a clean box. Once dry, another 5 mL
of HCL were added, the Teflon bombs were capped, fitted with a Teflon sleeve, put
in metal jackets, and placed back into the 160 degree oven overnight.
The samples then had to be spiked with mixed Sm 149/Nd 150 to double the
naturally occurring 15°Ndl 144Nd ratio. The amount needed for the spike was
calculated and added to each sample (See Appendix C, Isotope Dilution Analysis).
The spiked samples were then put on a hot plate in a clean box to evaporate to
dryness. Once dry, 2 mL of 2.5M HCL were added and l mL of the solution was
placed into each of two centrifuge tubes. All samples were centrifuged to remove
particulates; one tube for each of the nine samples was saved for possible future use.
400 uL of the supemate for each sample were passed through a first stage
cation exchange column. This first stage column separates other elements in the
sample from the bulk rare earth elements. The columns were stripped of any
elements that may have remained on the columns after a previous run and then
equilibrated with the proper acid in order to run the samples. The columns are
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calibrated so that Sr is eluted from the columns after l 4mL of 2.5 M HCL has
washed through the columns. Sr is then collected with 7mL of 2.5M HCL in a clean
beaker and put on a hot plate in the clean box to evaporate to dryness. Another clean
beaker was then placed under the columns to collect the bulk rare earth elements.
The bulk rare earth elements were collected by eluting the columns with 1 OmL of 6M
HCL. The REE beaker was also put on a hot plate in the clean box to evaporate to
dryness.
The bulk rare earth elements were then taken up in 1 OOuL of 0.18 M HCL for
each sample and passed through a second stage ion exchange column. The second
stage columns are designed to separate the rare earth elements from each other.
These columns were also cleaned with acid, equilibrated, and calibrated to determine
when the individual rare earth elements are eluted from the columns. Nd and Sm
were collected separately in clean beakers in the appropriate elutions. The Nd
beakers and the Sm beakers were then put on a hot plate in the clean box to evaporate
to dryness. Once dry, these samples are ready for analysis on the mass spectrometer.
For mass spectrometer analysis, the samples are taken up in acid, and loaded
onto the tantalum side filaments of a triple filament arrangement. Before the
filaments are loaded, however, they are degassed by heating them to white heat in a
vacuum system to remove any contamination introduced through handling. The
dissolved sample is carefully pipetted onto the filaments that are connected to a heat
source that dries the sample onto the filament. The three filaments are then
assembled on a turret that is loaded into the mass spectrometer. After the mass
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spectrometer is "pumped down", to remove any air particles that the ions could
collide with, the analysis can begin. The middle rhenium filament is electrically
heated, as are the side filaments, in order to heat the sample and cause ionization. As
the sample is ionized, ions are accelerated through the "flight tube" toward the
magnet. The magnet creates a magnetic field that the ions pass through causing the
paths of the ions to be bent. The degree to which they are bent depends on the mass
of the ion. Faraday cups are in place to collect and record the signal from these
different ion paths. The Faraday cups are connected to ground through a large
resistor (10 11 Ohms). When the ion beam is collected, the voltage across this resistor
is measured. The voltages are proportional to the beam intensities and, therefore, to
the abundance of the isotope. These values are then converted into isotope ratios.

Appendix C
Isotope Dilution Analysis
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ISOTOPE DILUTION ANALYSIS
In order to determine the concentration of neodymium in a sample, a known
amount of Nd 1 50 must be added to the sample as a spike. This will alter the natural
Nd 1 50!Nd 144 ratio in the sample. The new ratio then becomes a reflection of the
amount of the spike, which is known, and the amount of naturally occurring
neodymium. The ratio of the sample-spike mixture is then measured on the mass
spectrometer and, since the concentration of the spike is known, the concentration of
one isotope (Nd 1 50) in the sample can be calculated with the use of the following
equation:
N = number of atoms
s = sample
m = mixture
t = tracer (spike)
A and B refers to two isotopes:

A= Nd 144
B = Nd l50
NB t [(NAm / NBm) - (NAt / NB1)]

From: Bickford, personal communication, 1997.
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